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The Luquillo Critical Zone Observatory (LCZO) is in the northeastern portion of Puerto Rico. This
subtropical, humid and maritime region is one of the wettest in the Caribbean. One LCZO data set that has
not been previously analyzed is ozone at the canopy level. Ozone generally has not been recorded or
studied much in tropical regions of the world, but needs to be better understood since increasing
numbers of people around the world will be living in the urban tropics. The data for this study has been
collected since April 2008 from the Bisley Lower Tower, which also collects weather, climate and rainfall
data. The purpose of this study is ultimately to understand the variations of canopy level ozone in this
montane tropical rainforest. The study analyzed the ozone levels across time—hourly, monthly and
seasonally. 8-hour averages were calculated to compare to US ozone standards. The ozone data was then
combined with climate data to find correlations between ozone with temperature, relative humidity,
precipitation, solar radiation and wind. From the results, overall the air quality of the Luquillo Mountains is
good as compared to US ozone standards and to other forested or high elevation sites. The forest has
plenty of VOCs, so the NOx are likely the limiting factor for ozone production, with climatic conditions also
affecting the likelihood that ozone will form. Ozone varies temporally with sunlight, where it is highest at
noon during each day and highest in the summer during each year. The highest ozone days did get over
the US standards for ozone and occurred on hot, sunny dry days with relatively stagnant air. The air
pollution that contributed the highest ozone days may not have come from one specific area, implying
that pollution may be coming from many directions, which policies need to address.

This thesis or dissertation is available at ScholarlyCommons: https://repository.upenn.edu/mes_capstones/45

UNDERSTANDING TROPOSPHERIC
OZONE IN A MONTANE TROPICAL
RAINFOREST
AN ANALYSIS OF OZONE LEVELS
IN THE LUQUILLO MOUNTAINS OF
PUERTO RICO
Chennery Fife

August 2012

F. N. Scatena
Maria-Antonia Andrews

ABSTRACT
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The Luquillo Critical Zone Observatory (LCZO) is in the northeastern portion of
Puerto Rico. This subtropical, humid and maritime region is one of the wettest in the
Caribbean. One LCZO data set that has not been previously analyzed is ozone at the
canopy level. Ozone generally has not been recorded or studied much in tropical regions
of the world, but needs to be better understood since increasing numbers of people
around the world will be living in the urban tropics. The data for this study has been
collected since April 2008 from the Bisley Lower Tower, which also collects weather,
climate and rainfall data. The purpose of this study is ultimately to understand the
variations of canopy level ozone in this montane tropical rainforest. The study analyzed
the ozone levels across time—hourly, monthly and seasonally. 8-hour averages were
calculated to compare to US ozone standards. The ozone data was then combined with
climate data to find correlations between ozone with temperature, relative humidity,
precipitation, solar radiation and wind. From the results, overall the air quality of the
Luquillo Mountains is good as compared to US ozone standards and to other forested or
high elevation sites. The forest has plenty of VOCs, so the NOx are likely the limiting
factor for ozone production, with climatic conditions also affecting the likelihood that
ozone will form. Ozone varies temporally with sunlight, where it is highest at noon
during each day and highest in the summer during each year. The highest ozone days did
get over the US standards for ozone and occurred on hot, sunny dry days with relatively
stagnant air. The air pollution that contributed the highest ozone days may not have come
from one specific area, implying that pollution may be coming from many directions,
which policies need to address.
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Introduction
Purpose
The study site is located in the Luquillo Mountains, which are in the Northeast
part of Puerto Rico (see Figure 1). To gain a more complete picture of the climate at the
Luquillo Critical Zone Observatory in El Yunque National Forest, Bisley Lower Tower
has been measuring canopy level ozone in the Luquillo Mountains since April 2008.
Although smog is most common in areas such as Los Angeles, CA, ozone does exist in
this pristine montane tropical rainforest. The purpose of this study is to understand the
temporal variations of ozone at this site. Since this data has not been previously analyzed,
the study will consider the climate effects of this area and find correlations with ozone.
The Luquillo Mountains include elevations up to 1,076 meters above sea level of
mostly forested
land. The
climate of
Puerto Rico
creates tropical
conditions.
Temperature
varies less with
season and
Figure 1: Location of Luquillo Mountains (Luquillo CZO)

more with elevation. Rainfall
is also affected by elevation change; more cloud cover and wetter conditions characterize
the mountains as compared to nearby lowlands. Humidity is also high on average, due to
1

the warm ocean water. Finally, the area is subject to hurricanes and tropical storms and
the increased precipitation and winds from these events. The land use changes in Puerto
Rico have been significant, yet have had less of an effect on this local study site. The
island has gone from heavy agriculture to urbanization, which has resulted in more ozone
precursor emissions, but also reforestation on the island (Grau et al. 2004).

Questions
What are the temporal variations of canopy level ozone in the Luquillo Mountains of
Northeast Puerto Rico?
How does ozone vary with climate conditions? What are the climatic characteristics of
high ozone days?
How do these ozone levels compare to US national standards?
How do the ozone levels of the Luquillo Mountains compare to other forested or high
elevation sites?

Background on Ozone: Precursors and Effects of Atmospheric Conditions,
Water and Vegetation
Ozone, or O3, is found in two primary areas of our atmosphere. In the upper
stratosphere, it is a beneficial molecule that absorbs harmful UV radiation from the sun
before it reaches the Earth’s surface. On the surface of the Earth in the troposphere,
ozone, or photochemical smog, is a hazardous air pollutant. Ozone is not directly emitted
into the atmosphere; instead, ozone forms as a secondary pollutant from nitrogen oxides
(NOx) and volatile organic compounds (VOCs) in the presence of sunlight. In urban areas
on hot, sunny days, ozone can reach very high levels that can be unhealthy. People are at
risk when breathing in ozone, especially people with lung disease, children, the elderly,
or even those who are active outdoors. Ozone can react with biological membranes and
2

cause damage to living cells including the linings of human lungs (California
Environmental Protection Agency 2005). Damage from ozone can also affect sensitive
vegetation including in wilderness areas and agriculture fields.
In the US, the EPA has established ozone standards with health in mind under the
Clean Air Act. Because of the adverse health and environmental consequences of ozone,
many studies have tried to find out what factors increase the prevalence of ozone in a
given area. These factors include sources of precursors, sunlight, temperature, temporal
variation, wind and atmospheric patterns, elevation, humidity, rainfall and plant life.
Overall, the most important factors affecting ozone levels is the amount of precursors
(NOx and VOCs in the presence of sunlight), while the environmental, meteorological
and biological conditions enable these chemicals to move, mix, increase or decrease in a
given area.
What is Ozone?
At the molecular level, ozone is made up of three oxygen atoms (O3) with one
double bond and one single bond. Ozone, or triatomic oxygen, is much more unstable
than diatomic oxygen found in air and is therefore a strong oxidizing agent. Ozone is
formed through the reaction between atomic oxygen (O) and molecular oxygen (O2) in
the presence of a third body, M, which absorbs excess heat energy (often nitrogen or
oxygen molecules) (California Environmental Protection Agency 2005):
O + O2 + M  O3 + M

(A)

The oxygen atoms come mostly from photolysis of NO2 with the ultraviolet component
of solar radiation (hv):
NO2 + hv  NO + O

(B)
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A third reaction alters ozone back into diatomic oxygen and NO back into NO2, which
completes the nitrogen cycle:
O3 + NO  NO2 + O2

(C)

The second reaction (B) takes much more time than the other two; therefore,
ozone cannot be formed at night when there is no solar radiation. Ozone formation occurs
more in the summer when the temperature is high and solar radiation is more intense than
at other times of the year. This nitrogen cycle is at equilibrium and does not produce
excess ozone. To create about 0.1 ppm of ozone (above the EPA’s one-hour standard for
ozone), there would need to be 10:1 ratio of NO2 to NO; however, the actual ratio is
closer to 1:10 NO2 to NO. Therefore, to produce excess ozone, an additional pathway
must exist to produce NO2 from NO that will not destroy ozone. This is where VOCs
come into the equation (as simplified in Figure 2).
Oxidation of hydrocarbons and other VOCs in the atmosphere forms carbon
monoxide (CO), carbon dioxide (CO2) and water (H20). Within this oxidation process,
the hydroxyl radical (OH) is involved, an ever-present molecule produced by ozone
photolysis with water vapor present, and from nitrous acid, hydrogen peroxide or other
sources as well. Oxidation often begins with this reaction (where R is any hydrogen or
almost any organic fragment):
RH + OH H2O + R

(D)

Following this, oxygen in the air reacts to form the peroxy radical (RO2):
R + O2 + M  RO2 + M

(E)

The most important reaction in this cycle is the alteration of NO to NO2 via the transfer
of the radical with NO:
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RO2 + NO  NO2 + RO

(F)

R can also come from photolysis of VOCs that contain the carbonyl (C=O) bond; the
simplest of which is formaldehyde (HCHO), which can be oxidized in the same manner:
OH + HCHO  H2O + HCO

(G)

HCO + O2  HO2 + CO

(H)

HO2 + NO  NO2 + OH

(I)

With the return of the hydroxyl radical (OH) through this above oxidation (I), the cycle is
complete while also producing the hydroperoxyl radical (HO2) and NO2. The CO
produced in the second to last reaction can yield another hydroperoxyl radical like any
VOC:
OH + CO  H + CO2

(J)

H + O2 + M HO2 + M

(K)

Formaldehyde also provides an additional piece important for ozone formation—
hydrogen radicals:
HCHO + hv  H + HCO

(L)

These hydrogen radicals (hydrogen atom H and formyl radical HCO) were each used in
reactions (H) and (L) respectively. While this is a simple example of the oxidation cycle
of a VOC, many similar reactions occur with other types of VOC molecules.
It is also important to understand how NO2 and a radical sink react to produce
nitric acid, in a relatively slow reaction:
NO2 + OH + M HNO3 + M

(M)

NOx are abundant in the air before sunrise because free radicals are scarcer. It is
not until after sunrise that photolysis of VOCs begins the VOC oxidation cycle for many
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gases in the atmosphere in reaction (M). Pretty soon,
the peroxy radical—in reaction (F)—converts NO to
NO2, so NO2 becomes the more abundant NOx
molecule. Once NO2 becomes so much more abundant
than NO, ozone begins to accumulate. By nighttime,
NO and ozone react to produce NO2 and O2—by
reaction (C).
In areas that are not close to anthropogenic

Figure 2: Summary of the nitrogen cycle
(Vallero 2008)

sources of NOx and VOCs, concentrations of ozone are around 20-40 ppb. When
downwind from urban areas, concentrations are around 50-80 ppb (though can reach 100200 ppb). Urban and suburban areas often have ozone concentrations well above 100 ppb
(California Environmental Protection Agency 2005). The standard set by the EPA for
ozone is .075 ppm—or 75 ppb—over an 8-hour average (“Environmental Protection
Agency”).
Ozone Precursors
Nitrogen oxides (NOx) primarily come from mobile sources, fuel combustion and
a little from industrial processes. Fires, solvent and dust account for a small amount as
well (Environmental Protection Agency). Not all NOx emissions are from anthropogenic
sources since microbes in the soil also produce NOx; however, the main precursor of
ozone is anthropogenic NOx emissions. Nitrous oxide (N2O) emissions come from both
natural and anthropogenic sources, including microbial degradation in El Yunque
(Ericson and Ayala 2004). Although N2O is a potent greenhouse gas, more potent than
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CO2, and can destroy stratospheric ozone, it does not react in the troposphere (Uherek et
al. 2004).
Volatile organic compounds (VOCs), the second precursor to ozone, come from
more diverse sources since there are many types of VOCs. Natural sources constitute a
much larger portion of atmospheric hydrocarbons, since human only release about 1/7 the
total hydrocarbons in the atmosphere (Andrews 2012). Natural sources of VOCs mostly
involve vegetation, but non-methane hydrocarbons can also come from microorganisms,
forest fires, animal waste and volcanoes. Methane is produced by decomposition of
organic matter by anaerobic bacteria, accounting for an atmospheric methane
concentration of about 1.4 ppm (Andrews 2012). Of anthropogenic VOC sources, mobile
sources still top the chart for VOCs, and solvent and industrial processes are also in the
top three. Fuel combustion, agriculture, fires and dust contribute small amounts as well
(Environmental Protection Agency). Some VOCs are more reactive and therefore more
likely to form ozone. Some reactive VOCs include propene, ethane and formaldehyde
(California Environmental Protection Agency 2005). Derwent found this phenomenon
true when studying ozone formations at different sites in Europe (2000). The study
modeled how the amount of ozone emitted depends on the type of VOC, accounting for
1, 3, 5-trimethylbenzene as the most reactive and methyl chloride and n-alkanes as the
least reactive (Derwent 2000). Therefore, the sources of VOCs vary greatly since many
types of VOCs exist, from both natural and anthropogenic sources.
Many studies have narrowed down the amount of NOx and VOCs in the air as the
main determinant of ozone. One study looked at the importance of meteorological
conditions on ozone levels, but surmised that “ozone changes should mainly be due to
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changes in circulation and/or concentration of ozone precursors (NOX, VOCs)” (Feister
and Balzer 1991). In another study, Bloomer et al. analyzed ozone in the eastern US and
found that ozone reductions were attributed to emissions reductions of precursors and not
weather variation (2010). This may seem obvious, but it is important to understand that,
as the most important determinants of ozone, NOx (and VOCs to a smaller extent) can
actually be controlled to limit ozone production. To go one step further, Feister and
Balzer (1991) also stated that ozone levels from the previous day are also a strong
determinant for current ozone levels. This can be seen in many urban areas that have
specific emitters of NOx and already high levels of surface ozone. Atlanta, for example,
has as many as 36 high ozone days, which are likely caused in part by electric-utility fire
plants (Diem 2009). This correlates with the EPA’s information that a large portion of
NOx comes from fuel combustion. Even in Sao Paulo, a study has found it would be most
effective to lower ozone levels by reducing VOC emissions (Orlando et al. 2010). Since
these urban areas are known for high ozone levels, it is easier to pinpoint how NOx and
VOC emissions directly impact the amount of ozone in these concentrated areas. Ozone
precursors, then, clearly have the strongest impact on ozone-prone urban areas.
Because ozone levels change based on the precursors present, temporal patterns of
ozone levels exist based on varying concentrations of precursors. Surface ozone levels
typically vary through the day, based on location. In urban areas, peak ozone
concentrations last for about an hour or two and are much higher than at rural locations.
The amount of ozone precursors, as we saw that were largely from mobile sources, build
up throughout the day and peak just after noon when solar radiation is most intense and
when formation of ozone surpasses destruction rates. At night, however, the natural
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nitrogen cycle destroys much of the ozone and has no extra NO2 from reactions involving
sunlight and VOCs. Given this diurnal variation, it is clear to see why there is also a
weekly variation in ozone levels. Ozone accumulates over the work week to be highest
towards the end of the week like Thursday. However, because of this build-up and a
continued high emission of precursors during the weekend as well, the peak day has
shifted to the weekend. This phenomenon is due to slower decreases of emissions
compared to the week and less ozone being destroyed (California Environmental
Protection Agency 2005). This pattern has been observed in places such as California and
the Kathmandu Valley in Nepal (Pudasainee et al. 2010). As you can see, ozone levels
change based on daily and weekly patterns of precursor abundance.
Longer temporal patterns of ozone levels also exist seasonally. March appears to
create a peak in ozone levels at Thumba in India (Nair et al. 2002). This peak has less to
do with emissions and more to do with sunlight and temperature. The same peak in the
spring, in late April and early May, affected all sites tested along the Colorado Front
Range (Brodin et al. 2010). In California, the seasonal variations dictate the highest
concentrations to be in the summer and early fall, whereas significant drops have been
made when the sun is less intense and temperatures are lower. Conclusively, ozone levels
depend on the levels of NOX and VOCs present in the air and because of the nature of
these precursor emissions, geographic and temporal variations contribute to different
ozone concentrations.
Solar Radiation and Temperature
As alluded to it with diurnal and especially seasonal variation of ozone
concentrations around the world, the third important component of ozone formation is
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sunlight, which also closely coincides with temperature. While the precursors are the
most important factor that dictates ozone levels, these precursors cannot produce ozone
without being in the presence of sunlight (hv), as seen in reaction (B) and to create the
hydroxyl radical through photolysis for reaction (D). Many studies confirm the scientific
theory that sunlight directly affects ozone production. In the study by Feister and Balzer,
sunlight determined 6-21% of ozone variance after ozone levels the previous day which
explained 33-46% of variance (1991). Although Feister and Balzer admit that changes in
cloud cover probably do not solely cause long-term changes in ozone levels, they are
clearly an imperative piece of the puzzle. Another study in a Washington State forest
found that 51-54% of daily ozone concentration variance could be determined by solar
radiation and temperature, respectively, though the highest days were attributed to wind
blowing ozone and precursors from Seattle (Edmonds and Basabe 1989). This study
therefore confirms what we already know; the precursors (including ozone itself) must be
present, as well as sunlight.
As mentioned earlier, temperature is as closely correlated with ozone levels as
sunlight is. Steiner et al. clearly states that “ground level ozone concentrations typically
show a direct linear relationship with surface air temperature,” though it may not hold
true at extremely high temperatures (2010). Another study isolated how increasing
temperatures, with precursors remaining constant, would exacerbate ozone levels
(Bloomer et al. 2009). Increased temperature causes NOx and VOC emissions to
evaporate more quickly. Higher temperatures also add energy to speed up the reactions
that form ozone. It is a double-edge sword that more intense solar radiation—during the
day and during the summer—and stagnant air also help increase temperatures for
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conditions even more conducive to ozone formation. From the study by Bloomer et al.
(2009), this implication could mean that increasing temperatures that will come from
general global warming predicted for the future could also create conditions even more
favorable for ozone formation. Nevertheless, sunlight and temperature clearly have a
strong correlation with ozone concentrations since solar radiation (in the form of hv) is a
key ingredient in the chemical reactions that form smog.
Wind and Atmospheric Conditions
In addition to sunlight and precursors, other factors can influence ozone
production. While we have seen that understanding ozone sources is fairly easy in urban
areas, where more mobile sources and other stationary sources in a condensed area emit
more NOx and VOCs, it may be less clear in other areas. Even within urban areas, many
wind patterns and atmospheric conditions affect how pollution like smog is transported
and mixed. By discussing wind patterns and atmospheric conditions, ozone that exists in
rural areas or at high elevations can start to be explained.
The most simple of these concepts to visualize is the transport of smog and its
precursors from major urban areas and point sources downwind to other sites. As we
have seen already in Washington from the study by Edmonds and Basabe (1989), the
highest ozone days could be attributed to when the wind blew from Seattle to the testing
site and brought the city’s air pollution with it. The same pattern of advection transport
was found in the Eastern Mediterranean from the European continent, having even been
able to confirm exactly where smog came from by analyzing radon 222 levels (Hu et al.
2010). Finally, Bohm et al. (1995) proved that ozone concentrations in or near forests in
the western US resulted from the transport of ozone from urban areas nearby and local
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formation of ozone. This last article points out that not only are more rural areas at risk
for high ozone levels from cities, but that ozone is formed locally, which can add to the
smog carried by advection transport from urban areas. This point is further articulated by
Glavas and Sazakli who argued the importance of long-range transport ozone from urban
areas is significant in rural areas (2011). Also in rural areas, the lack of NO with other
NOx emissions prevents ozone from urban areas from being destroyed, so ozone levels
can remain high at night. Again, because of the wind patterns that transport urban smog
to other areas, in addition with local ozone formation, smog can be more of a problem
than previously believed far from the city.
In addition to simple advection transport, regional high pressure systems can
affect the ozone levels of certain regions. One clear example of this is in the Northeastern
United States. Spicer et al. explored the many sources of ozone in New England and
found a specific trend with high pressure systems (1979). Smog associated with high
pressure system is capable of covering a large region of the country. This phenomenon is
added to the already present levels from urban sources or downwind areas and can cause
specific sites to have very high levels of smog. This study illustrates how large scale
weather and atmospheric conditions can directly affect how large of an area ozone can
cover.
Moreover, convection, fickian transport, mixing heights and inversion layers are
present in the troposphere, which affect the mixing, dilution and accumulation of
localized ozone. Near the Earth’s surface during the day, air is usually warmest closer to
the ground. Warm air usually rises while cold air sinks, resulting in the mixing of air
called convection. This mixing disperses pollutants near the ground, but also can carry
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them up higher in the atmosphere. This depends on the mixing height. With a low mixing
height, the air is more stagnant since there is less vertical mixing. Higher mixing heights
dilute pollutants more effectively given the larger amount of air being mixed. Mixing can
also be aided by Fickian transport, or random mixing processes (Andrews 2012).
Chemicals or the air that carries said chemicals can sometimes have random motion.
Turbulence in the air often causes this type of random motion where the wind is
randomly changing its speed and direction. This process distributes pollutants to all
elevations. Understanding how air mixes is essential to understanding how pollution like
smog is diluted throughout the troposphere.
Little or no mixing occurs, however, when cold air sits underneath warmer air,
which is called an inversion layer. Inversion layers exist at different levels at different
times of day. During the day, the inversion layer is usually much higher so more air is
mixed. At night, the inversion layer is much closer to the ground and traps ground level
pollutants to just a few hundred feet. If the inversion during the day is low, high levels of
ozone can be dangerous to people (Andrews 2012). Or if ozone was trapped above an
inversion layer at night, once the mixing begins again during the day that ozone can add
to the ozone concentration on the ground. From the Atlanta study by Diem, the highest
ozone levels came from sites that were “hot, dry and calm with low morning mixing
heights and high afternoon mixing heights” (2009). As seen before, this probably means
that ozone was trapped above the low inversion layer during the night. The lack of wind
made the air stagnant so that winds did not carry away newly formed ozone, and the heat
increased convection. As the afternoon saw higher mixing heights, the ozone trapped up
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high was mixed in with the air near the ground. Therefore, inversion layers greatly affect
pollution levels given where the smog may be trapped and how much it can be mixed.
Another factor that affects ozone in certain areas is elevation. Different
atmospheric conditions exist at different elevations which can affect the ozone levels at
each altitude. On the Colorado Front Range, ozone was monitored at various elevations.
The study asserts that ozone increases with elevation in many areas in the summer
(Brodin 2010). While this cannot be considered universally true, solar radiation is more
intense at higher elevations aiding ozone production. Above 3000 m, ozone levels stayed
very high for almost a month. Urban ozone was the cause of most of the smog levels in
the mountains and boundary layer isolation was an important factor for mid-elevation
sites (Brodin 2010). In Western Europe, a study looked at ozone levels at a variety of
altitudes further away from urban areas. The study found a specific transition zone at
about 1000 to 1200m where the ozone below increases at about +30ppb/km and above
the transition ozone increases by only about +3ppm/km (Chevalier et al. 2007). In
Maryland, high elevation locations had high ozone levels throughout the night. The study
called this the Ozone Reservoir and points to the inversion layer that forms to trap ozone
above 1500-2000 feet above sea level (Woodman 2010). Finally, although it does not
happen frequently, ozone from the stratosphere can enter the troposphere and affect
ozone on a localize level. Often this happens through tropopause folding where air from
the stratosphere can enter the troposphere, particularly affecting ozone levels in
mountainous areas. These studies illustrate that ozone levels vary by elevation based on
the atmospheric conditions from solar radiation, urban transport, boundary layers, and
stratospheric intrusion.
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Effect of Water
On a molecular level, water is only involved in reactions (A)-(M) in aiding the
production of OH, the hydroxyl radical. OH is formed in the troposphere through the
photolysis of ozone and other chemicals in the presence of water vapor. Although this
does reduce the amount of ozone in the troposphere, there are other pathways for which
OH can be produced to initiate the oxidation of VOCs in reaction (D). Because of this
negligible effect of water on ozone formation, studies have simply tried to show
empirically the effect of water in the form of humidity and rainfall.
To examine the effect of water on ozone levels, studies measure often ozone’s
correlation with humidity and rainfall. For humidity levels, one lab experiment found that
water vapor decreases the presence of smog and that drying the gas increased the ozone
that was produced (Peyrous 1990). As we saw from the study in Atlanta, the highest
ozone levels depended on mixing heights as well as locations that were hot and dry
(Diem 2009). This helps explain in part why LA and the Colorado Front Range, both arid
and dry, are also susceptible to more ozone; however, it is more likely that these areas are
more affected by precursor emissions, sunlight and atmospheric conditions than just low
humidity levels. On an atmospheric level after ozone has already been formed, humidity
likely has mostly an effect on convection. When humidity levels are high, the air holds its
temperatures more easily at night, so less mixing of the air occurs at night and then the
following day. This could be good if there is less ozone already on the ground surface,
but could be bad if ozone is simply held near the ground. All in all, studies have shown
empirically that dry conditions are best for ozone production, while high humidity levels
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reduce convection and could be good or bad for ozone levels on the ground depending on
previous ozone production.
In addition to humidity levels, rainfall has been studied to see its correlation with
ozone. A study in China asserts that ozone concentrations in the summer are “highly
sensitive to cloud cover and monsoonal rainfall over this region” (Lin et al. 2009).
Another study in Trivandrum, India, isolated a correlation that daytime rainfall resulted in
lower surface ozone levels, while nighttime rainfall resulted in increased ozone levels.
The ozone level change lasted longer than the rainfall event (Muralidharan et al. 1989).
Rainfall is a macro-scale atmospheric event in that it correlates with lower levels of
sunshine and often washes away ozone and its precursors out of the air (California
Environmental Protection Agency 2005). Ozone is water soluble, so is therefore able to
be absorbed by raindrops and taken out of the atmosphere during rain events. Given the
empirical evidence, humidity and rainfall are both correlated with lower levels of ozone.
Plants and Ozone
Vegetation can increase or decrease the concentration of ozone in a variety of
ways. First of all, large trees can create shade and cool down cars or buildings. With
cooler cars and buildings, there are fewer emissions from fuel evaporation or from
electricity generation for air conditioning. Cooler temperatures also slow down chemical
reactions that produce smog. The surfaces of plant leaves can also remove ozone through
deposition. Stomatal and non-stomatal depositions are responsible for ozone removal by
ecosystems. In one California study, non-stomatal flux was more closely correlated to
ozone concentration, while ozone uptake through stomata was capable of causing damage
to the plants (Fares et al. 2010). Atmospheric conditions and the type of plant affect how
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vegetation absorbs ozone. The deposition through plant surfaces depends on how long the
air parcel is in contact with the surface (strong winds and rain prevent longer contact) and
the amount of leaf surface that is available for deposition (California Environmental
Protection Agency 2005). A study by Thorne and Hanson demonstrate in the lab how
different species can remove ozone from their microenvironment (1972). Herbaceous
species can absorb more ozone than woody plants, and younger, more actively growing
woody plants can absorb more than dormant. In addition, a plant’s rate of absorption was
strong correlated with transpirational water loss (Thorne and Hanson 1972). Therefore, in
some ways, plants can be very beneficial in the reduction of ozone.
Despite the benefits of plants, they are the main producer of biogenic volatile
organic compounds. VOCs are one of the precursors to ozone, and plants often produce
highly reactive forms of VOCs (California Environmental Protection Agency 2005).
Forests can emit hydrocarbons, like terpene hydrocarbons, and even NOx. It has been
calculated that forests release about 108 tons of hydrocarbons per year into the
atmosphere (Vallero 2008). VOCs also come from the decomposition of organic matter
in soil and water by anaerobic bacteria (Andrews 2012). Despite the VOC emissions,
land use covered by forest means that it is not covered by cars, power plants and other
smog producers. Therefore, plants are largely beneficial in helping limit the amount of
ozone in a given area.
Summary of Literature
Given all of these factors, the most important go back to the micro-level and the
chemical reactions between NO2 and VOCs in the presence of sunlight to form ozone. An
area with the most precursors, such as urban city, is still the most prone to high ozone
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levels, as seen from the many studies done on urban areas. These areas contain cars,
industry and other huge emitters of VOCs and NOx. Sunlight is the third key ingredient
for ozone formation and is necessary for the ozone-forming chemical reactions. In some
areas, however, it is a more complicated story. Wind patterns such as advection transport,
high pressure systems, convection, and inversion layers can all affect that amount of
ozone in a given area, that may be more rural or at higher elevations than cities. Humidity
and rainfall are also empirically seen to be negatively correlated with ozone levels.
Finally, although they are the main producer of VOCs, plants may help a given area
reduce its ozone emissions. Given all of the literature on ozone levels, it is important to
see what precursors exist and how they are being moved around throughout a given
system to get a clearer picture of what causes ozone in a given area.

Predictions for this Study
The precursors that are likely in the Luquillo forest would include VOCs from
natural sources such as decay of plant matter. NOx would likely come from San Juan and
urban air pollution through advection transport. However, the wind patterns over Puerto
Rico dictate that most of the air that hits the Luquillo Mountains is clean air from the
Atlantic Ocean. Conceivably, most of the air pollution from San Juan does not generally
blow towards our test site. Some nitrous oxide is locally derived; although it is a potent
greenhouse gas, these emissions should not have an effect on tropospheric ozone.
In addition to the clean air that comes from over the Atlantic and hits the Luquillo
Mountains, those same winds bring the precipitation that reaches Puerto Rico, most of
which falls over the mountains. With so many days of rain washing away air pollution
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and less sunlight reaching these forests, the formation of canopy-level ozone is likely
inhibited much of the time.
Other factors that may contribute to ozone formation include higher elevation
with less mixing of air, generally high temperatures and low levels of humidity. Although
each of these factors has been linked to increased ozone levels, they may be
overshadowed by the more important factors in predicting the ozone levels here. Even
though the area is at a high elevation with high temperature, ozone still cannot form
without enough NOx, VOCs and sunlight. Therefore, it is likely that wind bringing
unpolluted Atlantic air and much precipitation will result in lower levels of ozone
compared to other areas.

Ozone Standards in the United States and the Tropics
According to the US EPA, ozone is an air pollutant to be regulated under the
National Ambient Air Quality Standards (NAAQS). The limit is .075 ppm or 75 ppb over
an 8-hour period. Cities
provide their fourth highest
daily maximum
concentration from an 8hour time span each year,
averaged over three years.
This standard is set for
urban areas; San Juan,
Puerto Rico has ozone

Figure 3: Ozone Air Quality, 1990-2010 for San Juan, Puerto Rico
(Environmental Protection Agency).

levels that fall below the US
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standard in the past couple years as seen in Figure 3.
For other tropical areas, standards are also set for urban centers. In Mexico City,
Mexico, the standard is 110 ppb and is recorded as number of days as well as number of
hours in a day that are above the standard. Mexico City has improved, but there were still
24 days over the limit for 8 hours in 2010 (Mexico City Experience). Another urban,
tropical location, Singapore, has compared its ozone levels to US standards, where most
days are above the mean (Department of Statistics Singapore). India is more stringent
with a notified eight hourly standard of 100 micrograms per m3, or about 51 ppb. Given
that these standards all apply to urban areas where ozone pollution is worse, they are
valuable in measuring how healthy ozone levels are elsewhere. These standards are
mostly in place for urban areas, but urban centers still affect their more rural and pristine
surroundings.

Study Site
The island of Puerto Rico is the smallest island at the eastern end of the Greater
Antilles chain (see Figure 1). Puerto Rico is about 180 km east to west and about 65 km
north to south. The data for this study was collected as part of the Luquillo Critical Zone
Observatory (LCZO). This site is in the windward northeastern part of the island in El
Yunque National Forest, the only tropical rain forest within the US National Forest
System. The Luquillo Mountains include elevations up to 1075 m above sea level of
mostly forest land over a distance of 10 to 20 km. The forest contains abundant
biodiversity with thousands of native plants that include 150 fern species, 240 tree
species, and numerous indigenous animals not found elsewhere.

20

The Luquillo Critical Zone Observatory has
a series of sites collecting information about the
landscape and climate of the Luquillo Mountains in
Puerto Rico. The Bisley Lower Tower (pictured in
Figure 5), which is a 25 m high walk-up tower in
the Bisley watershed, is one of the eight stations
monitoring weather and rainfall. Bisley is at tree
canopy level and at an elevation of 352 m above sea
level. It is precisely located at Bisley Lower
Tower 18° 18' 51.8616" N, 65° 44' 41.676" W in a

Figure 5: Bisley Lower Tower, El Yunque
National Forest (Chennery Fife)

Tabanuco
forest. Bisley Lower Tower includes many
instruments for measuring climate conditions.
The ozone instrument is a 2B technologies Model
202 Ozone Monitor (see Figure 4) and has
collected ozone level information every fifteen
Figure 4: B technologies Model 202 Ozone Monitor
on the Bisley Lower Tower (Chennery Fife)

minutes since April 24, 2008.

Climate of Study Site
The climate of this site creates tropical, humid and maritime conditions.
Temperature, for example, does not change much seasonally because of the ocean and
trade winds, but does vary greatly with elevation. Temperatures at sea level are warmer
than at higher elevations; the forest’s overall average temperature is about 21 degrees
Celsius. Despite little variance throughout the year, temperatures have some seasonal
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patterns. The highest temperatures are in June and July, while the lowest are in January.
Humidity is also high on average, due to the warm ocean water. The minima are about 65
to 70% while the maxima are about 95% in the Luquillo Mountains. Changes in humidity
throughout the day follow temperature changes, with humidity decreasing as
temperatures increase.
Water enters this site as rain, cloud drip and rarely hail; snow and frost have not
been recorded in this area. This site encompasses one of the wettest regions of the
Caribbean given their location as a rain shadow that blocks much of the moisture that
reaches the island from steady trade winds from the Atlantic Ocean. Overall, rainfall is
fairly evenly distributed throughout the year. The highest rainfall usually occurs in the
early rainy season from April through June with a peak in May and in the late rainy
season from August through November with a peak in October, but any month can be
very wet with over 400 mm of rain. On the other hand, dry spells can last days or weeks,
rarely months. These drier spells are only moderately seasonal when they occur, slightly
more so in the winter from December through May, but they can occur in any month.
Generally, more rain falls during the day in intense storms, but smaller rain events are
more frequent in the night and early morning.
Rain levels are also affected by elevation change. Wetter conditions characterize
the higher mountains with up to 5000 mm/year. The upper elevations of the mountains
are usually covered in clouds, even for weeks at a time, with a cloud condensation level
at about 600 m. The height of cloud bases change with wind patterns and vertical wind
motions and depend on where measureable amounts of liquid water are present. This is
compared to nearby lowlands that get only about 800-1000 mm/year. Although rain
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events at mid-elevations are usually smaller and frequent (about 3 mm/day and 267
days/year), large storms occur each year with magnitudes of more than 125 mm/day
(Brokaw et al. 2012).
Echo top altitudes affect rain events and may influence ozone levels and
movement of air. Lower echo top altitudes are recorded during the drier season at about
1860 to 2830 m because of strong trade wind inversion and frontal system rains that
limits cloud height in this area (Scholl et al. 2009). The rainier season encompasses rain
events with higher echo top altitudes of about 2365-2750 m (Scholl et al. 2009). These
higher clouds correspond to convection in easterly waves and low pressure systems. As
the research suggests, inversion layers and
cloud heights affect how much the air mixes.
From Figure 6, it can be seen that lower
cloud heights or mixing heights are observed
in the winter months. This may result in less

Figure 6: NEXRAD Echo Top Altitudes (Scholl et al 2009)

mixing of air in the troposphere during this time. The overall inversion height is a little
less than 3 km altitude, whereas the mean cloud base can dip to below 2 km and is part of
the reason for the cloud forests at the top of the mountains.
Wind patterns are also very connected to rain on the island. Prevailing winds
come from the northeast as strong and steady trade winds. The prevailing wind direction
is from the east and trade wind flow varies from southeast to northeast. Throughout the
year, average daily wind speed is about constant at 1.2 m s-1 and shows no variation
specifically with the seasons. Low pressure systems and convections are associated with
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waves embedded in prevailing easterly airflow and responsible for more of the summer
and fall rainy season. The summer and fall rainy season is often signified by the
beginning and end of the easterly wave weather pattern. These easterly waves and low
pressure systems determine 30% of the rainfall on this site. Trade wind orographic
rainfall and high pressure systems and fronts account for 29% of the rainfall, primarily in
the drier season in winter (Scholl et al. 2009). The easterly trade winds influence the
island more in the winter. Thunderstorms can occur in both the rainier and drier season,
though usually not in January through March.
In addition to wind direction, the presence of a trade wind inversion can happen at
about 2500 m high in the troposphere. This is a narrow layer of about 300 m thick of
increasing temperatures so the vertical development of cumulus clouds is limited to the
inversion’s altitude. This phenomenon is more common in the winter than the summer. A
strong trade wind inversion limits cloud heights and lowers echo top altitudes. The frontal
system of the dry season sees inversion heights ranging from 1860 to 2830 m in the
Caribbean. The rainy season saw higher echo top altitudes that link to higher clouds
corresponding to convection in easterly waves and low pressure systems.
The northeasterly trade winds largely bring unpolluted air from across the
Atlantic. However, they can bring Saharan dust to the Caribbean which is able to cause
atmospheric haze over the island. This is more common between April and September.
Dust inputs correspond with African droughts and the NAO, though only affects the
influx of calcium nutrients. This dust likely does not affect ozone precursors in the study
site.
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Radiation showed to peak in July at lower elevations, but was less apparent at
higher elevations. Photosynthetically active radiation (PAR) proved to be at its maximum
from June to August and lowest in January.
In terms of disturbance, the area is subject to hurricanes and tropical storms and
the increased precipitation and winds from these events. Disturbances most often arise
from “(1) cyclonic systems, (2) noncyclonic intertropical systems, (3) extratropical
frontal systems, and (4) large- scale, coupled ocean-atmospheric events (e.g., North
Atlantic Oscillation, El Niño-Southern Oscillation)” (Brokaw 2012). Intratropical
atmospheric systems start and stay in the tropics. Orographic rains disperse rain unevenly
over the island, so the Luquillo Mountains receive much more rain than the southwest
side of the island. These effects result in steep environmental gradients within the
Luquillo Mountains. Cyclonic systems are large air masses that rotate around a lowpressure focal point and happen in May through October. Incomplete closures of cyclonic
systems are tropical waves, while complete closures result in tropical storms or
hurricanes. In June-September, about two tropical waves pass by the Luquillo Mountains
each week, but hurricane passes directly over the Luquillo Mountains about once every
fifty or sixty years. Noncyclonic intertropical systems start and stay in the tropics and are
driven by land-sea breezes. They result in short rainfalls throughout the day, often in the
summer months. Large rainfalls can occur in small areas. Extratropical frontal systems or
cold fronts occur in the winter and spring, from November to April, with polar lows from
the northeastern US. Rains from these systems can last several days but are commonly
low intensity. For large-scale ocean-atmospheric systems such as the NAO and ENSO,
the NAO has the stronger relationship with PR’s annual climate than ENSO. A high
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winter NAO is correlated with lower precipitation in PR. ENSO events are correlated
with temperature in the Luquillo Mountains and associated with wetter conditions from
April to July. El Nino is associated with drier conditions from September to October
throughout the Caribbean. All of these relationships are generally fairly weak, however,
and have a poor link to hurricanes and other large-scale disturbances.
The National Weather Service has 90 weather stations, 12 of which have kept
records continuously for the past century. Specifically to the LCZO, climate questions
focus on atmospheric inputs and how they change spatially and with time across the
Luquillo Mountains. To gain a more complete picture of the climate at the LCZO in El
Yunque, Bisley Lower Tower has been measuring canopy level ozone in the Luquillo
Mountains since April 2008.

Ozone Precursors
Nitrogen (N) deposition is increasing, even in Puerto Rico’s pristine forests, and
urban areas with mobile and stationary sources may be responsible for increased levels of
nitrogen oxides (NOx). Urbanization has grown around the Luquillo Mountains in all
directions, which may be adding to the increased nitrate deposits observed in the area.
Some sources of pollution exist to the northeast of Puerto Rico, from where the trade
winds come. Air from North America may also bring nitrates to the island, which mostly
occurs in the early spring. In less urban areas, N is still released from fertilizers, the
development of N-fixing crops and fossil fuel burning. N is also released from
anthropogenic land disturbances such as: burning forests, wood fuels and grasslands,
draining wetlands, and clearing land that depletes N stored in soil organic matter and
within plant biomass. NOx emissions have increased greatly in the past decades, much of
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which has been from San Juan. Much of the N measured corresponds to oceanic
moistures from Easterly trade winds. There are few studies of N dry deposition, but it
may be as much as 30% of the total N deposition. As Erickson and Ayala (2004)
documented, there are some natural fluxes of N2O; however, N2O generally does not
have an impact on tropospheric ozone.
Volatile organic compounds, VOCs, include many carbon compounds except
“carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates and
ammonium carbonate”(Environmental Protection Agency). As pollutants, VOCs can
cause harm to human health. Sources of VOCs are similar to NOx such as stationary and
mobile sources, as well as agriculture (see Appendix for distribution of VOC emissions
on Puerto Rico).
Although anthropogenic VOC pollution is a problem, about 74% of VOC
emissions in the US is from natural biogenic emissions (Environmental Protection
Agency). As with NOx there is an increase of urbanization around the island and thus in
VOC pollution emissions as well, there is a huge amount of VOCs emitted from the
agriculture and natural plant growth. In this case, the rainforest provides VOC emissions
through a variety of processes such as the decomposition of organic matter by anaerobic
bacteria. Therefore, VOCs are probably not the limiting factor in ozone production at this
site. It then should likely depend on the NOx levels and atmospheric conditions that allow
for the sustained production of tropospheric ozone.

Methods
The data from the 2B technologies Model 202 Ozone Monitor covered a period
from April 24, 2008 at 6:00 pm to April 24, 2012 at 8:30 am. The data includes the
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average, maximum, minimum and standard deviation of ozone in parts per billion (ppb)
for each 15 minute time interval. The data set also recorded the temperature in degrees
Celsius for each time interval. At certain points, the ozone instrument stopped working
for anywhere between a couple hours to a couple months, so the data has some holes.
Data from 2011 is completely missing due to equipment failure. Since, however, the data
encompasses almost three years, it will be suitable to analyze for this study.
In cleaning up the field data, rows (i.e. 15 minute intervals) were deleted where
the machine was clearly not working properly. These instances included when the value
for any measurement of ozone was blank, written words or letters, negative numbers, or a
meaningless value such as “-6999” or “-999” that the instrument produced to indicate
failure. Additionally, unusually low points less than 10 ppb that did not vary with
temperature were eliminated. Most of these points were from 2010 when the sensitivity
of the instrument to low levels of ozone was questionable. The machine stopped working
at various points for a few minutes (maybe related to maintenance) to over a year in
2011. The data set includes at least 500 hours for each month of the year. While some of
the 15 minute maximums and minimums above 10 ppb from 2010 were outside the range
of the other years, the daily means and medians were similar to other years. There was no
systematic pattern in the highs and lows, so 2010 values were ultimately left in.
Furthermore, removing these values does not change the results.
For most of the data analysis, the average ozone value in parts per billion (ppb)
for each 15-minute interval was used. While the range of values from the largest
maximum and lowest minimum for the entire data set is large, the average values for each
15 minute intervals only range from 10 ppb to 148.2 ppb. The average for the overall data
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set is 24.16 ppb, as seen in Table 1, which is well below the US 8-hour standard of 75
ppb. Only 438 specific 15-minute intervals out of 57,917 reach above the standard of 75
ppb, and only on 6 days does it reach an 8-hour average above the limit.
Table 1: Summary of data collected by ozone instrument at Bisley Lower Tower for years 2008-2012. For each
of the 49855 rows, or 15 minute intervals, the average of (Avg), maximum (Max) and minimum (Min) ozone
concentration was recorded in parts per billion (ppb). The instrument also measured standard deviation of these
ozone concentrations, as well as air temperature. This table summarizes the mean, median, maximum and
minimum of each of the measurements for the entire clean data set.
Summary of Data
Data Type
15 min Avg O3 (ppb)
15 min Max O3 (ppb)
15 min Min O3 (ppb)
15 min O3 Std Dev
Air Temp (Deg C)

Mean
24.16
45.89
8.87
7.93
23.72

Median
21.37
42.21
4.20
7.28
23.62

Max
148.20
501.30
96.70
34.15

Min
10.00
10.02
0.10
16.75

In joining the rest of the climate data gathered at Bisley with this ozone data, a
more conservative subset of the data was used. Within JMP, the data was summarized by
daily means of each the average 15 minute values. The ozone daily means were then
joined with daily climate values including temperature, precipitation, sunlight, relative
humidity, wind speed and wind direction. Rows of data were kept when the data was
from a complete day (at least 23 hours of data each day), the temperature measured
within the ozone meter and the other outside thermometer was consistent, and the climate
data made sense (e.g. humidity values were between 1-100%). For the analysis in JMP, a
multivariate table was created to find the strength of relationships between average daily
ozone with each climate parameter. The total number of days of ozone data combined
with climate data came out to 418.
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Results
Temporal Trends
The mean of all 15 minute ozone averages at each time of day is illustrated in
Figure 7. Ozone levels vary throughout the day, rising with the sun at about 8 am. It
continues to rise rapidly until noon and stays above 27 ppb until later in the afternoon. At
about 3:45pm, the concentration falls drastically, until it reaches its lower levels at about
6:45pm when the sunlight is dwindling. The peak levels around noon hover at around 29
ppb and the lower values hover at around 22 ppb. The ozone levels at 12:15am look
lower than the other values, at 19.22 ppb. The same trend is shown for median ozone
values, which are a bit lower than these mean values as they are not affected by very high
days. Overall, the peaks fall at the same time as the peak sunshine times and the lowest
values are at night when there is no sunlight. While there is an hourly pattern, there was
no apparent daily trend when the data was plotted out by day of the week.

Figure 7: Mean of 15 minute Ozone Average values vs. Time at Bisley Lower Tower
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Ozone levels from 15 minute averages at this site show variation in each month of
the year as seen in Figure 8. The highest outliers are in June, with the highest individual
values all falling between March and September of each year. The other months, October
through February have a smaller range of values. The highest individual medians,
however, are in November and December. The lowest medians are in August, September
and October. The medians overall oscillate back and forth.

1.Med: 22.33
3.Med: 26.35
5. Med: 19.75
7.Med: 19.69
9.Med: 17.95
11.Med: 27.85
N=2255
N=8606
N=5728
N=3758
N=4711
N=3924
2.Med: 23.48
4. Med: 23.72
6.Med: 19.45
8.Med: 18.72
10.Med: 18.32
12.Med: 29.31
N=5504
N=6238
N=5009
N=3443
N=6293
N=2448

Figure 8: 15 minute Ozone Averages vs. Month at Bisley Lower Tower (1 is January, 2 is February, etc).

Ozone levels from 15 minute averages at this site show some variation seasonally
as well. The highest outliers are in March through September of 2010. Figure 9 proves
that the highest outliers fell in June of 2010, which also included three of the days with
the highest 8-hour averages. While some of these months have very high outliers, many
other months have higher median values for ozone levels. The highest median values are
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in the winter months. The minimum values are mostly all low, especially after some of
the suspect lowest values were removed from the data, though May 2009, October 2009
and November 2010 stood out before as having the lowest minimum values.

May08
M: 22.6
N: 1104

Jul08
Oct08
Dec08 Feb09
M:21.2 M:16.8 M:27.4 M:25.0
N:826 N:2514 N:506
N:2683

Jun08
Sep08 Nov08
M:20.0 M:16.8 M:18.3
N: 2185 N:1332 N:1072

Apr09 Aug09 Oct09 Feb10 Apr10
M:22.4 M:15.0 M:12.9 M:22.0 M:26.2
N:1208 N:580 N:820 N:2672 N:2824

Jun10
M:18.7
N:2824

Aug10
M:19.9
N:2863

Oct10 Dec10
Mar12
M:21.5 M:30.9 M:26.0
N:2959 N:1942 N:2922

Jan09 Mar09 May09 Sep09 Jan10 Mar10 May10 Jul10
Sep10
M:20.4 M:35.6 M:19.5 M:16.0 M:32.2 M:20.4 M:18.4 M:19.0 M:18.9
N:1717 N:2782 N:1700 N:631 N:538 N:2902 N:2924 N:2932 N:2748

Nov10 Feb12 Apr12
M:32.3 M:33.5 M:22.9
N:2852 N:149 N: 2206

Figure 9: 15 minute Average Ozone vs. Month at Bisley Lower Tower
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The values
measured against the US
Ozone standards are the 8hour average concentration
of ozone and shown in the
distributions in Figures 10
Figure 10: 8-hour Average Ozone
Distribution with 2010 at Bisley
Lower Tower

Figure 11: 8-hour Average Ozone
Distribution without 2010 at Bisley
Lower Tower

and 11. On only 6 of 652
days have average ozone

levels over 8 consecutive hours reached above 75ppm. Most of these values are in the
summer, with one value at the end of April and one at the beginning of September. The
dates are also all in 2010 and may be overestimates. Without 2010 data included, the
highest ozone 8-hour averages were just above 50 ppm and occurred on April 15, 16 and
17, 2012. The median value for data with 2010 is 22.2 ppb, with 50% of the values
between 18 and 28.9. Without 2010 data, the median 8-hour average is 21.7, with the
middle 50% of values between 17.7 and 27.3. The highest outliers, therefore, did not
affect the overall distribution by much.

Correlations with Climate
Daily ozone averages were also compared with various climate conditions
measured at Bisley and recorded in Table 2. The strongest correlations are found with
temperature, relative humidity, precipitation, photosynthetically-active radiation, mean
wind speed, and specific wind directions. Below are some graphs to illustrate a couple of
the relationships between climate and ozone.

33

Table 2: Pearson correlations between Mean Daily Ozone and Median Daily Ozone with Daily Averages of
Climate Parameters at Bisley Lower Tower. The most significant relationships are between ozone and
precipitation, mean ozone and PAR, ozone and temperature, ozone and humidity and ozone with wind
directions from 0-45 degrees and 315-360 degrees.

Precipitation
PAR
Incoming Radiation
Radiation Out
Albedo
Max Temp
Min Temp
Max Relative Humidity
Min Relative Humidity
Max Wind Speed
0-45 (Degrees, wind direction)
45-90
90-135
135-180
180-225
225-270
270-315
315-360

Mean Median
O3
O3
-0.20
-0.15
0.18
-0.02
0.10
0.17
0.17
0.16
-0.10
-0.11
-0.20
-0.51
-0.29
-0.58
-0.49
-0.52
-0.35
-0.27
0.08
0.08
0.31
0.33
0.08
0.07
0.01
0.09
0.07
0.11
0.07
-0.01
0.02
-0.05
0.05
0.09
0.13
0.17

With temperature from within the ozone monitor and the other Bisley
thermometer, correlations with ozone where found from -.20 to -.58. Therefore, mean and
median values for ozone were fairly strongly negatively correlated with temperature at
the site. As Figure 12 shows, there is a general decrease in ozone with increasing
temperatures. This graph illustrates daily temperature vs. ozone levels. Most of the data
includes ozone levels under 50 ppb with temperatures between 20 and 27 degrees
Celsius. This trend does not explain all patterns given the highest ozone days accompany
the highest temperatures as seen in Figure 13. Again, the highest few values with the

34

highest temperature and are outliers in average ozone levels include data points from
2010.

Figure 12: Daily Mean Temperature vs. Daily Mean Ozone, with monthly distinction, at Bisley Lower Tower

Figure 13: 15 Minute Average Ozone vs. Temperature recorded by ozone instrument at Bisley Lower Tower
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For humidity as seen in Figure 14, the higher the humidity levels, the lower the
ozone levels as well, with correlations from -.27 to -.49 based on minimum and
maximum daily relative humidity measurements respectively. Figure 14 illustrates how
the values above 35 ppb often accompanied minimum humidity levels below 70%.

Figure 14: Minimum Relative Humidity vs. Daily Mean Ozone at Bisley Lower Tower

Precipitation was negatively correlated from about -.15 to -.20, so that the more
precipitation there was in a day, the less ozone was at the site. This supports the
relationship between ozone with PAR and albedo. When there is more precipitation, there
are more clouds and less PAR, explaining the correlation of 0.18 with mean ozone. Since
there was not a strong relationship between PAR and median ozone, PAR is mostly
affecting high outlier ozone days and not the general distribution. Albedo, calculated as
outgoing radiation/incoming radiation, is negatively correlated with mean ozone at about
-.10. This is congruent with the positive relationship with PAR, which is incoming
radiation. Both of these correlations reflect the amount of rain and cloudiness on a given
day and support the relationships of ozone with relative humidity and precipitation.
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Maximum daily wind speed was not very strongly correlated with ozone levels at
.08. Within the specific wind directions, ozone levels were correlated most strongly (at
about .32) with wind coming from 0-45 degrees, from the northeast. The next strongest
correlation of .13-.17 is roughly from the direction of San Juan at 315 to 360 degrees.
Although it is much less strong, the next strongest relationship is with 135-180 at .07 to
.11, from the south.

Discussion
Limitations
The data does include at least 500 hours of each month between 2008 and 2012.
However, since the equipment failed for 2011 and produced suspect values in 2010, the
trends may be slightly different than observed here. Hopefully the ozone instrument will
continue to work properly, so that in another few years, the data can be analyzed with
more data to see if the same trends are persisting. It will be interesting to see the impact
of a large disturbance on ozone levels, since the time period of this data was relatively
quiet. It is also important to continue maintaining the other climate equipment, since this
other data provides insight into what may contribute to high ozone levels. The combined
data set of climate conditions and ozone was even smaller, so it will be important in the
future to analyze these correlations with more than just 418 days.

Major Temporal Trends
The graphs of ozone throughout the day at Bisley follow the same trend as any
other site, as seen from previous research. Given what is known about ozone’s chemical
formation and what is observed in cities, ozone clearly changes with the intensity of the
sun, since ozone formation cannot chemically occur without hv. The peaks fall at the
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same time as the peak sunshine times and the lowest values are at night when there is no
sun. Ozone starts to form in the morning as soon as the sun rises and peaks when
radiation levels are highest. Ozone can stay high through the early afternoon, as seen in
Figure 7, because of the continuation of sunlight and the previous build-up of ozone in
the day up to this point. Once sunlight intensity declines in mid afternoon, ozone levels
drop off until they reach a low point after the sun has set. At this point, ozone starts to be
used up again from the oxidation of NO to complete the nitrogen cycle in the atmosphere.
Additionally, the scale of this graph illustrates the pristine nature of this site, since the
average is lower than urban areas and the US 8-hour standard.
Within the year, as seen from Figure 8 and Table 2, the general trend is that with
increasing temperatures, ozone levels are decreasing, except with high outliers. Figure 8
illustrates how November and December, though they have few high outliers, have the
highest median ozone values. This is likely because of drier conditions and lower cloud
base heights from inversions, which do not allow as much mixing of air. High pressure
systems are also more prevalent in the winter, holding air in place more easily. March
also had a high median value and could be a sign of the air pollution from North America
to Puerto Rico.
Although the highest medians are in the winter months, it is clear that the highest
outliers are in the summertime, even without potentially high 2010 values. This
phenomenon is likely because of more direct sunlight the northern hemisphere receives
with the highest PAR levels from June through August. Since sunlight is essential to the
formation of ozone, more intense sunlight would mean more ozone formation when the
precursors are present. Days are also obviously warmer in the summer, which also aid
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these chemical reactions. Although these months are generally wetter with higher cloud
bases that could be responsible for generally lower ozone levels, the increased sunlight
and temperatures apparently exacerbates ozone on a drier day. Overall, high ozone
conditions are favored in the winter months, which have generally lower mixing heights
and drier conditions, but that with increased temperatures and PAR when conditions are
right, the few highest individual ozone days are in the summer.

Correlations with Climate Conditions
The correlation of the overall ozone data with daily precipitation is negatively and
relatively strongly correlated because of the decrease in PAR able to reach the site as well
as the rain itself. On a day where it has rained at all, there is more cloud cover and less
sunlight reaching the forest. Without as much sunlight, the ozone reactions cannot occur
as seen in reaction (B) and create the hydroxyl radical through photolysis for reaction
(D). In addition, rain also washes away VOCs, NOx, and ozone itself. One the same vein,
PAR measured by mmoles/m2 is correlated positively to a similar magnitude with mean
ozone as precipitation, in the opposite direction. Sunlight is clearly an essential piece in
making ozone. Since albedo is the calculation of outgoing radiation/incoming radiation, it
makes sense that with a positive correlation with PAR, there is a negative correlation
with albedo.
Humidity had a fairly strong positive correlation with daily ozone levels. As seen
from the research, there are other studies having shown a similar relationship between
humidity and ozone, with higher ozone on drier days. Though water does not seem to
have a direct effect on the chemical reaction, this fairly strong negative correlation adds
to the argument that ozone formation could be suppressed by higher humidity if other
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climatic factors are constant. Higher humidity days also can occur on days with more
precipitation, which further supports the negative correlation between ozone and
precipitation.
Higher wind speeds are not highly correlated with higher ozone levels, which
make sense since wind would likely blow the pollution away more readily. More stagnant
conditions would be better for ozone to stay in one area and become worse. However, the
slight positive correlation may mean that more pollution is being blown into the area, but
the strongest winds are not present to blow away the pollution before ozone can form.
Wind direction is a complicated story as well. It makes sense that the highest
correlation with ozone levels is with wind from 0-45 degrees, given that the northeastern
trade wind is the dominant wind direction on the island. Northeasterly wind may also
bring pollution directly from Fajardo and the local coastal plain, as well as from North
American in the early spring. It also makes sense that wind from 315-360 degrees, from
San Juan, is also fairly strongly correlated to high ozone levels, since this is from where
most of the pollution on the island comes. Another less strong positive correlation of note
is 135-180 degrees, which may be because of Humacao and its airport directly to the
south of the forest. However, as mentioned earlier, urbanization has increased in all
directions around the forest, including to the northeast in Luquillo from where much of
the wind is blowing. Unlike originally thought, ozone and precursor pollution may not
just come from San Juan. This data suggests that air pollution is likely entering the
Luquillo Mountains’ air shed even from the direction of the dominant trade winds and
possibly from other sources as well. This may be troubling now since policymakers must
be aware of widespread urbanization and its affect on air quality in this pristine forest.
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Highest Ozone Levels
The highest ozone days include the highest 8-hour averages with and without
2010, shown in Table 3 with their highest 8-hour average and their daily mean ozone
values. These are days when recorded ozone levels were above the US 8-hour standard
for ozone and are of more of a concern than the generally higher days in the winter. Each
of these dates had above 90 individual data points gathered by the ozone instrument.
Although, in general, higher ozone levels can occur in the winter, the high ozone days in
the spring and summer are the ones that can reach levels above the US ozone standard
and need to be looked at more closely. Given these highest ozone days shown in Table 3,
the daily mean value for ozone was almost always above 40 ppb. These days are
clustered together, with a couple in April, June and at the end of the summer. Although
generally the higher days are in the winter, the highest individual ozone days are the
outliers that can be seen in the summer from Figure 9.
Table 3: Days with highest 8-hour ozone averages and their corresponding maximum 8-hour average, daily
average ozone, temperature, PAR and precipitation at Bisley Lower Tower

Date
4/27/2010
6/3/2010
6/6/2010
6/27/2010
8/27/2010
8/28/2010
9/1/2010
4/15/2012
4/16/2012
4/17/2012

Temp
Max 8 hour
Daily Avg (Deg
PAR
Precipitation
Avg O3 (ppb)
O3 (ppb) C)
(mmoles/m2) (mm)
84.34
41.37
25.9
43632.46
0
80.61
37.41
26.1
36634.63
0.2
78.16
40.78
25.9
41482.29
0
97.23
49.01
26.0
40750.16
0
74.54
41.56
26.6
30559.07
0.8
90.43
46.52
26.6
39673.3
0
79.09
40.18
27.1
33065.35
1.6
50.87
48.35
21.5
14182
0
54.26
52.17
21.6
13965
0
52.7
47.94
22.2
19116
0

Many of the days have mean temperatures much above the overall average of 23.6
degrees Celsius, often above 25 degrees in 2010, which would also assist in speeding up
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ozone-forming reactions. Going along with the high temperatures, these days also
included some high daily averages of PAR (since they are in the summer) as compared to
the overall average of 22869 mmoles/m2; many were over 30,000 mmoles/m2. Sunlight is
necessary for ozone formation, so these are likely days with less than normal cloud cover
allowing ozone reactions to occur more easily. Given that these are likely days with less
cloud cover, it makes sense that precipitation levels on each of these days were also very
low, from 0 to 1.6 mm in the day. The average precipitation over this time period is 13.71
mm in a day, with a maximum at 206 mm. Many of these days also saw humidity levels
lower than the average, as expected from studies elsewhere.
For wind direction, there was some variation among each of these days. A
significant portion if not most of the wind came from the prevailing wind direction of 045 degrees. Wind, on various days, also came from any direction between 135 and 360
degrees. 90-135, and to some extent 270-315, degrees were the only directions that did
not yield much wind for any date. Since urbanization has increased in all directions
around the Luquillo Mountains, it is conceivable that NOx could interact with the
plentiful biogenic VOCs in the area to make ozone. This may illustrate that NOx pollution
is not solely coming into the rainforest from this city, but possibly from other directions
and sources as well. In the March and April dates, nitrates may actually be coming from
North America. In addition, it is important to remember that these days did not include
above average amounts of wind, so the relative quietness of the air was likely helped
keep ozone levels higher. Quieter winds may be determined by the high pressure days
seen sporadically during the summer.
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The previous days’ climate may also account for why certain days were very high,
since many of these high days are clumped together. Similar climatic conditions
including sunny, hot, dry days also with relatively high ozone levels could persist to
ensure the following day also had higher ozone levels. Many of these preceding dates
saw similarly high ozone levels and temperatures with little rain and wind. The PAR did
not seem to always be consistent with the high ozone days’ preceding conditions. Seeing
these dates in a little more context provides some evidence that previous ozone levels and
climate conditions may contribute to a high ozone day.

Overall Observations
Despite these few high ozone days, overall, the rainforest had good air quality.
The highest days seems to be associated with a combination of high temperatures, high
PAR values, previous high ozone levels, little or no rain and low humidity, possibly
associated with occasional high pressure days. These days were dry, hot days with less
wind and less cloud cover over this site. These types of summer days occur in between
the low pressure days when high pressure systems create hot, dry conditions. Even
including the suspect values from 2010, less than 1% of the time ozone levels reach
above the national US standard of 75 ppb. Sources of ozone are likely from the coastal
plain where the dominant wind direction is to the northeast and San Juan where much of
the population is; however, other sources are likely given that high ozone days occurred
with wind from almost any direction.
Overall, the predictions for this site were largely correct. The study site largely is
clean from unpolluted air from northeast trade winds dominating the island and reaching
El Yunque first. Climate features mostly help in suppressing ozone, including many days
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of clouds and rain that suppress sunlight and wash away air pollution. It does help too,
that the air pollution levels given limited car traffic and no industry in the forest itself
help keep the rainforest air clean.
However, the Luquillo Mountains have plenty of VOCs from natural sources and
some NOx from the surrounding area that when the conditions are right, ozone will form.
The data did illustrate how on sunny, hot, dry days with relatively stagnant air, ozone can
form and reach above US standards for ozone levels. It seems to depend less on the
mixing of air and elevation and more on the general high pressure conditions that can
form in the summer. The most troubling finding is that on high ozone days, the NOx may
not just be coming from San Juan. Wind from all directions, even the northeasterly trade
winds, could be bringing in pollution from nearby towns and the coast.
Other montane tropical rainforests are likely also to be in good shape, especially
depending on the wind patterns in the area. Being humid with much precipitation, the
climate of tropical rainforest favors lower ozone levels. Because of the amount of
vegetation in these areas, VOC emissions are going to be very abundant. Factors such as
proximity to sources of NOx, ozone, urban centers and industry may greatly influence
ozone levels. Wind patterns also affect how pollution moves around and would likely
influence the amount of ozone in a given forest. Therefore, the climate largely favors
clean air in these environments but it is still important to understand where NOx is
coming from to ensure a pristine air shed.

Other High Elevation Sites
Largely, the Luquillo Mountains seems to have good ozone compared to other
forested and high elevation sites. In the Czech Republic, Hůnová measured surface ozone
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in forested areas. In the Orlicke hory Mountains found relatively high concentrations
through a two-week average of 70 ppb between July and August, 2004 (2006). The study
cited long-range transport of ozone or its precursors as the major source of pollution to
this forested area. In the Luquillo Mountains, the monthly averages stayed below 35 ppb.
Burley and Bytnerowicz compared their data from the White Mountains of California to
many other high elevation sites (2011). They began to say that in “mid-latitude in the
northern hemisphere, background ozone was in the range of 20-45 ppb and was rising by
.5-2% per year” (Burley and Bytnerowicz 2011). Each of their five high elevation sites
had monthly ozone concentration from July to October averaging from 31-52 ppb, with
higher elevation sites reaching higher ozone levels. Monthly values for the Luquillo
Mountains ranged from 13.47 to 34.09 ppb, with the higher averages in the winter
months. Burley and Bytnerowicz provided a brief overview of other high elevation ozone
sites. Sites in Europe had ozone concentrations that averaged out to be over 40 ppb,
whereas this Puerto Rico site has an overall average of 24 ppb. Some of these European
sites were more remote, yet all had higher elevations, and their purpose was to measure
the ozone concentration gradient above the elevation of the Luquillo Mountains. In Asia,
one site had very low nighttime concentrations below 10 ppb and daytime maxima at
about 35 ppb, whereas less remote or higher elevation sites had overall averages at 58
ppb and 49 ppb respectively (Burley and Bytnerowicz 2011). The monthly average in the
summer for Rocky Mountain sites were 45-60 ppb. Mauna Loa’s average values are
closer to Puerto Rico with annual mean concentrations ranging from 37-46 ppb.
This other data indicates that the Bisley site is comparatively clean still, given that
many other rural forested and higher elevation sites have higher overall averages than in
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this Puerto Rican rainforest. Even though none of these sites are tropical except Hawaii,
almost every location is influenced largely by local pollution. It is also interesting to note
that our site follows a different pattern; that the highest months are not during the
summer but the winter. Even though our highest individual days are the summer for
similar reasons of temperature and solar radiation, the tropics still maintains high winter
temperatures. Puerto Rico also, generally, sees a bit less rainfall in the winter, but more
rainfall overall, that may contribute to the higher winter ozone concentrations and lower
overall averages than these other sites. Another note of comparison is the elevation.
These high elevation sites were much higher than Bisley, which is at 352 m elevation.
Some of these sites were above the inversion height for the area and so ozone was
sometimes suspended above the inversion layer and unable to be mixed throughout the
troposphere. As Scholl et al. illustrated in Figure 6, the inversion height is over 2 km on
average in Puerto Rico, so Bisley rarely comes in contact with it. The mid-elevation site
may be an advantage since air pollution is generally more mixed than it would be above
the inversion layer, if ozone is trapped above this inversion layer. However, given the
surrounding urbanization, this site is still prone to some air pollution.

Policy Suggestions
Since pollution in the Luquillo Mountains may not just be coming from San Juan,
policy makers need to widen their focus. The EPA cannot simply target the most urban
area of the island, but needs to investigate and regulate further the entire island and its air
pollution impacts on the national forest. Even some air from North America may be
affecting ozone levels in the forest. Although it is a clean area, it has the potential to still
have high levels of ozone, especially if more pollution enters the air shed.
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One way to help ensure this would to include Puerto Rico in something similar to
the Regional Haze Rule, which aims to bring national parks and wilderness areas back to
their natural visibility conditions. Under this rule, states must submit a State
Implementation Plan (SIP) to outline their plans to achieve these visibility goals.
Although there are many problems in achieving this goal nationally, it does not
necessarily make sense for Puerto Rico to be excluded because El Yunque is not a Class
1 area (national park or wilderness area). This is still an important natural area, protected
by the federal government and deserves similar protection for visibility as other areas in
the US. Given that pollution may be entering the forest from all sides, it would be
valuable for Puerto Rico to address the air quality consequences of increasing, sprawling
urbanization. This area is important for biodiversity, as a unique ecosystem, services such
as clean water and tourism, which would all benefit from ensuring that NOx does not
reach the forest on those hot, dry, sunny days and form smoggy conditions.
Scholl et al. predicted that the island may become drier over the next century.
With cloud base altitudes rising, trade wind orographic rain events may decrease over the
land. From what was learned in this study, lower levels of moisture in the atmosphere
from rain could lead to more ozone in the rainforest, since high ozone seems to coincide
with drier conditions. Policies should also take this into account in the upcoming decades
since conditions may turn slightly in favor of higher ozone levels.

Conclusions


Overall, air quality in the Luquillo Mountains with respect to ozone is good, with
the forest rarely reaching high ozone levels.
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Ozone in the Luquillo Mountains varies temporally with the sun as shown in the
research, peaking at noon during the day and peaking in the summer during the
year when solar radiation is most intense.



This relationship with sunlight is confirmed with the positive correlation with
PAR and negative correlation with precipitation.



Some of the highest ozone days in the forest went above US ozone standards and
were on hot, sunny, dry days.



On the highest ozone days, ozone does not correlate most strongly with wind from
any one direction, so pollution may be reaching the forest from different
locations.



It is important to look at the entire surrounding area and its air pollution since it
can all affect the smog levels in this forest.

Future research at this site can include analyzing more ozone data, given that
many holes existed for this data set. It would help to improve the time series and even
have periodic measurements that are independent of this ozone instrument to ensure
accurate ozone measurements. In addition, more data will allow future research to
analyze longer term trends and more conclusively verify the season trends found in
this study. Reliable climate data will be useful for this site as well, as the relationships
found in this study can be more reliably concluded with more than 418 days to
analyze. One specific point to look at might be the drop in ozone levels around
12:15am. This phenomenon, illustrated in Figure 7, appears to be accurate, and it
would be interesting to investigate the reason for this drop at this time of night using
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hourly climate data not just daily averages. In addition to Puerto Rico, the climate of
the tropics in general needs to be more heavily researched. Although this data is
helpful to understand ozone levels in this type of ecosystem, it is only one place of
many that could be influenced by similar conditions in the tropics. More research in
the tropics may uncover why ozone is generally negatively correlated with
temperature, unlike at other sites. As seen from other data, ozone research sites
include rural areas, high elevation alpine sites or urban locations, but rarely any of
these are in the tropics.
Additionally, future research should focus on human effects on ozone levels in
Puerto Rico. Growing numbers of people around the world will be living in the urban
tropics, so understanding of the influence of ozone in these areas is critical. If policy
makers can learn with more certainty where NOx is coming from, it is likely they can
decrease the amount of ozone in this forest. It is important for awareness for Puerto
Rican residents to understand that their pristine rainforest is susceptible to high ozone
days.
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Appendix

Figure 15: Anthropogenic VOC Emissions in 2008 in Puerto Rico (Environmental Protection Agency)

Figure 16: Mean of 15-minute Ozone Average vs. Date at Bisley Lower Tower
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Figure 17: Median of Ozone 15-minute Average vs. Time at Bisley Lower Tower
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